Introduction
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Although the thickness of the skin is as little as 2 mm on average, it is a complex stratified organ 24 consisting of an outer epidermis and appendages (for example, hair follicles, sebaceous glands and 
36
cell carcinoma (BCC) [5] . In this review, we provide a current understanding of the role of the HH 37 signaling pathway in embryonic skin development, skin homeostasis and skin cancer. 
Development of the Epidermis
94
During embryonic development, the epidermis is derived from the ectoderm. In the mouse,
95
after gastrulation, the embryo surface consists of a single layer of neuroectoderm, which will form 96 the nervous system and skin epithelium from embryonic day 9.5 (E9.5) to E12.5. Mesenchymal cells 
Hair Follicle Development
108
The development of hair follicles is intrinsically related to the stratification of the embryonic 109 epidermis. Hair follicle development is the result of epithelial-mesenchymal interactions. Although 110 hair follicle development occurs in eight morphologically distinct stages, it can more simply be 111 divided into three phases: induction, organogenesis and cytodifferentiation [48] . In the induction 112 phase, which is the initiation of hair follicle development (E13), signaling crosstalk between the 113 epidermis and dermis is induced, and epidermal keratinocytes form clusters that become enlarged 114 and elongated to form hair placodes (E14). Hair follicle development then enters the organogenesis 115 phase. A cluster of specialized fibroblasts, the precursors of the dermal papilla, is formed just under 116 the placode, and the signaling crosstalk between these specialized fibroblasts and the epithelial 117 placode leads to cell proliferation in both structures. The enhanced cell proliferation leads to a 118 downward growth of the epidermal component, shaping the dermal papilla. The resulting structure,
119
called the hair germ, is typically observed at E15.5. Keratinocyte downgrowth continues, whereby 120 the most proximally located keratinocytes begin to wrap around the dermal papilla (E16.5-E17.5).
121
As follicles enter the cytodifferentiation phase, the inner root sheath is formed, triggering the 122 terminal differentiation of keratinocytes above the dermal papilla to generate the hair shaft.
Simultaneously, the outer root sheath starts to form a cylinder around the inner root sheath to create 
136
In mouse skin at E15.5, at the beginning of the organogenesis phase of hair follicle development, 
174
is also involved in the maturation of the dermal papilla, as well as dermal papilla heterogeneity.
175
Furthermore, HH signaling is essential for Merkel cell proliferation and touch dome development.
176
On the other hand, negative regulators of HH signaling are also important for hair follicle 177 development. PTCH1 and 2 are known to be negative regulators of HH signaling, and Ptch1 is a GLI 178 target gene [47, 56] . Basal cell-specific Ptch1-null skin exhibits hyperplasia and skin neoplasia 179 formation, although Ptch2-null skin is undistinguishable from wild-type skin with respect to 180 embryonic hair follicle development [57, 58] . However, the skin of both basal cell-specific Ptch1-null
181
and Ptch2-null mice exhibits excessive proliferation of epithelial cells, suggesting that epidermal 182 stem and progenitor cells enter a hyperproliferative state. In addition, progenitor cells fail to 183 differentiate, resulting in the loss of epidermal lineage specification. Therefore, PTCH1-and 2-mediated HH signaling suppression is important for regulating epidermal differentiation [59] .
185
Another study reported that increased numbers of immature hair follicles in the induction phase are 
283
These reports suggest that HH signaling is involved in hair follicle maintenance.
284
In adult skin, stem cells in the hair follicle bulge cyclically regenerate the follicle, whereas a 285 distinct stem cell population maintains the epidermis. In telogen hair follicles, GLI2 and GLI3
286
continue to be broadly expressed in both the follicle and the surrounding dermis. Throughout the 287 hair cycle, GLI1 expression is restricted to two distinct epidermal stem cell domains [92] . One 
294
This localization change during the hair cycle suggests that GLI1 + /LGR5 + stem cells may be also 
321
The Wnt signaling pathway is also important for the maintenance of hair follicles in adult skin.
322
As described above, activation of canonical Wnt signaling induces SHH expression, indicating HH 323 signaling activation during hair follicle development in mouse embryos. Previous studies have 324 demonstrated that the Wnt-HH signaling axis is also essential for maintaining the hair cycle.
325
Epidermal basal cell-specific β-catenin activation in adult mouse skin also induces SHH expression, 
p53/p63
341
The tumor suppressor, p53 is expressed in the epidermal basal layer and also in the outer root 342 sheath and matrix of the hair follicles. Its expression is increased during the transition from anagen 343 to the regression phase of the hair cycle (catagen), suggesting its role in hair follicle involution [104] .
344
In addition, we previously demonstrated that HH signaling enhances the ubiquitin-mediated 345 degradation of p53 through GLI1 [105] . Therefore, it is possible that HH signaling regulates hair 346 cycling through regulating p53 protein.
347
A homolog of p53, p63, has an essential role in development. Mice lacking p63 show extensive 348 defects in epidermal development and die at birth [106, 107] . In epidermis, an antiapoptotic protein 349 and GLI target gene product, B-cell lymphoma 2 (BCL2) [108, 109] 
371
Based on the molecular genetics analysis of human BCCs, several studies have been performed 372 using genetically modified mice in which the HH signaling pathway is constitutively activated.
373
Constitutive or conditional overexpression of either GLI1 [117] 
